The number of female smokers developing chronic obstructive pulmonary disease (COPD) is rapidly increasing, but whether or not there exists a differential susceptibility by gender remains controversial. Methods How smoking behaviour and subsequent lung function reduction differed by gender was examined in a study including 954 subjects with COPD and 955 subjects without COPD. The study focused on two subgroups: subjects with COPD <60 years of age (earlyonset group, n¼316) and subjects with COPD with <20 pack-years of smoking (low exposure group, n¼241). Results In the low exposure group, female subjects with COPD had lower forced expiratory volume in 1 s (FEV 1 ) % predicted (48.7% vs 55.8%, p¼0.001) and more severe disease (50.4% vs 35.6%, p¼0.020, in GOLD (Global Initiative for Chronic Obstructive Lung Disease) stage 3 and 4) than male subjects with COPD. Females also had lower FEV 1 % predicted (50.6% vs 56.0%, p¼0.006) and more severe COPD (41.7% vs 31.1% in GOLD stage 3 and 4, p¼0.050) in the early-onset group. Using multivariate regression, female gender was associated with 5.7% lower FEV 1 % predicted in the low exposure group (p¼0.012) and a similar trend was observed in the early-onset group (p¼0.057). The number of pack-years was not significantly associated with lung function in female subjects with COPD in this study, and the doseeresponse relationship between smoking and lung function differed by gender at lower levels of smoking exposure. Interaction analysis suggested that the effect of smoking on lung function might be different by gender (p¼0.027 in all subjects with COPD). Conclusions Female gender was associated with lung function reduction and more severe disease in subjects with COPD with early onset of disease or low smoking exposure. The findings may suggest a gender difference in susceptibility to the lung-damaging effects of cigarette smoking, but alternative explanations should be considered.
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For many years chronic obstructive pulmonary disease (COPD) was considered a disease of men, with higher global prevalence in men than in women. Today the number of women with COPD is rapidly increasing, and for the first time the number of deaths from COPD in women have surpassed those in men in the USA. 1 This development has been attributed to changes in the historical differences in smoking behaviour in men and women. Recent research has suggested that women may be more susceptible to the lungdamaging effects of smoking, but the findings are inconsistent. Several studies have indicated an increased female susceptibility to smoking-related decline in lung function, 2e7 whereas other studies have suggested an opposite gender effect. 8 Whether or not there exists a differential susceptibility by gender remains controversial, and little is known about the mechanisms and implications of a possible gender difference in COPD.
Maleefemale differences are often divided into sex-related (biological) and gender-related (environmental and socio-cultural) differences. 9 In this manuscript, we use the term gender to refer to both sex-and gender-related factors. The demonstration of gender differences can be challenging, especially in cross-sectional caseecontrol studies. Often the female representation among COPD cases has been low, and women have typically smoked significantly less than men, both of which can complicate the comparison. We hypothesised that a differential susceptibility to COPD by gender would be easier to demonstrate if we explored subgroups of the total study sample. If female smokers are more susceptible to the lung-damaging effects of cigarettes than men, they will probably experience reduced lung function and COPD at a lower level of exposure and/or at an earlier age than men.
Our main objective was to examine how smoking behaviour and subsequent lung function reduction and COPD severity differed by gender in a large COPD study, focusing mainly on subgroups of COPD subjects with early onset of disease or low smoking exposure.
Some of the results have been previously reported in the form of an abstract. 10 
METHODS

Study population
A large study of COPD was performed at Haukeland University Hospital (Bergen, Norway) in 2003e2005.
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Nine hundred and fifty-four subjects with COPD (cases) and 955 subjects without COPD (controls) were recruited from three different sources: the general population (186 cases and 734 controls), the Haukeland University Hospital COPD Registry (697 cases) and volunteers (71 cases and 221 controls). The general population sample consisted of previous participants in two general population cohort studies, 12 13 the COPD registry consisted of patients with a COPD or emphysema diagnosis in 1997e2005, and the volunteers were people who contacted the study staff and expressed willingness to participate.
All study participants were Caucasians $40 years old, current or ex-smokers with $2.5 pack-years, and without severe a-1 antitrypsin deficiency (as determined by isoelectric focusing). Subjects with COPD were required to have postbronchodilator One pack-year was defined as smoking an average of 20 cigarettes a day for 1 year. Educational level was classified into three categories: (1) 9 year compulsory school; (2) continuation school, lower secondary school, upper secondary school or technical school; (3) college or university. 16 Self-reported asthma was defined by an affirmative answer to the following question: 'Have you ever been told by a doctor that you have asthma?' Occupational exposure was defined as an affirmative answer to the question: 'Did you ever work in a place with a lot of dust or gas in the air?'
The Regional Committee for Medical Research Ethics (REK Vest), the Norwegian Data Inspectorate and the Norwegian Department of Health approved the caseecontrol study. Written informed consent was obtained from all participants.
Statistical analysis
Statistical analyses were performed using Stata 10.0 (StataCorp, College Station, Texas, USA). Statistical comparisons of characteristics were done using t tests for continuous variables, c 2 tests for categorical variables and Wilcoxon tests for medians.
We analysed FEV 1 using multivariate linear regression models. Covariates for model inclusion were selected a priori. Analyses of FEV 1 in millilitres were adjusted for age, height, pack-years of smoking, self-reported asthma history and educational level. Educational level was included as a marker of socio-economic status. 17 18 Analyses of FEV 1 % predicted were adjusted for packyears, self-reported asthma history and educational level (the prediction equations are sex, age and height adjusted). The specific interaction between gender and smoking was tested a priori based on a predefined hypothesis: is the effect of smoking on lung function different by gender?
Gender-specific estimates for each pack-year's effect on FEV 1 % predicted were obtained using the command lincom in Stata, after running models that included a gender3pack-years interaction term. Lincom is a postestimation technique, computing linear combinations of coefficients. To find the combined coefficient for pack-years for each gender, we used the lincom command: lincom pack-years + gender*pack-years. For all subjects with or without COPD, each pack-year's effect on FEV 1 % predicted was obtained using models without a gender3 pack-years interaction term.
We performed analyses in two predefined subgroups. The early-onset group consisted of all subjects with COPD <60 years of age at the time of study (n¼316, 33% of all subjects with COPD). The low exposure group consisted of all subjects with COPD with a smoking history of <20 pack-years (n¼241, 25% of all subjects with COPD). Eighty-eight subjects (9% of all subjects with COPD) were present in both the early-onset and low exposure subgroupsdof these, 47 (53.4%) were women.
All p values were two-sided and values <0.05 were considered statistically significant.
RESULTS
Characteristics of study subjects
The total study sample consisted of 954 subjects with COPD and 955 subjects without COPD; 38.9% of the subjects with COPD and 49.8% of the subjects without COPD were women. The characteristics of study participants by gender are shown in table 1. Women were younger, had started smoking at a later age and had smoked fewer pack-years as compared with men (p<0.001). More women than men were current smokers (p¼0.049 in subjects with COPD, p¼0.001 in subjects without COPD). Women were more likely to report a history of asthma than men (p#0.001), whereas bronchodilator response was only significantly different by gender among those without COPD (p¼0.015). More men than women reported occupational exposure to dust or gas (p<0.001). Females with COPD had a lower educational level as compared with males (p¼0.008). Lung function or GOLD (Global Initiative for Chronic Obstructive Lung Disease) stage did not differ by gender.
Gender differences were more pronounced in the early-onset and low exposure COPD subgroups (table 2). In the early-onset COPD group, females had lower FEV 1 % predicted (p¼0.006) and a borderline significant trend for more severe COPD (p¼0.050) than males. A similar trend was observed in the low exposure group, where females had lower FEV 1 % predicted (p¼0.001) and more severe COPD (p¼0.020) than males. Women were more likely to report a history of asthma in both subgroups (p<0.001), whereas men were more likely to report occupational exposure to dust or gas (p<0.001). Women had a more pronounced bronchodilator response in the early-onset group (p¼0.036). Age and percentage of current smokers were not significantly different by gender in these subgroups (data not shown).
The association between gender and lung function in subjects with COPD
The results of multivariate regression analysis of FEV 1 % predicted in subjects with COPD, with gender included as a predictor in the models, are shown in table 3. FEV 1 was not affected by gender when analysing all subjects with COPD. However, female gender was associated with 5.7% lower FEV 1 % predicted in the low exposure group (p¼0.012) and there was a similar trend in the early-onset group (table 3) . There were significant gender3pack-years interactions in all subjects with COPD (p¼0.027) and in the early-onset group (p¼0.014), and a borderline significant interaction in the low exposure group (p¼0.066).
Additional analyses were stratified by asthma status (tables E1 and E2 in the online data supplement). For subjects without selfreported asthma history, female gender was associated with lower lung function in the early-onset group. For subjects with self-reported asthma history, on the other hand, female gender was associated with lower lung function in the low exposure group. Significant gender3smoking interactions were observed in subjects who self-reported asthma history, both in all subjects with COPD and in the early-onset group (table E2) .
The association between smoking and lung function in subjects with and without COPD, by gender
The effects of each pack-year on FEV 1 in millilitres and FEV 1 % predicted, by disease status and gender, are presented in table 4. In male subjects with COPD, the reduction in FEV 1 per packyear was 5.1 ml, corresponding to a 0.15% reduction of FEV 1 % predicted. Pack-years was not significantly associated with FEV 1 in female subjects with COPD. There was a significant interaction between gender and pack-years among subjects with COPD (p¼0.027 for FEV 1 % predicted). Among subjects without COPD, the effect of each pack-year on FEV 1 % predicted was greater for women than for men, and no gender3pack-years interaction was observed.
Analyses that were stratified by self-reported asthma history (tables E3 and E4 in the online data supplement) showed similar results. The differences between men and women were most striking among subjects with COPD with self-reported asthma history, where pack-years was strongly associated with lung function in men but not in women. The gender3pack-years interaction was only significant in the subjects with COPD with self-reported asthma history. The analyses of some subgroups were probably underpowered and should be interpreted with caution. Figure 1 illustrates the doseeresponse relationship between number of pack-years and post-BD FEV 1 % predicted for male and female subjects with COPD in this study. Subjects with >100 pack-years were excluded from this illustration (one female and three males). The figure shows a divergence of the curves for male and female subjects with COPD at lower smoking levels, but the curves appear more similar as the level of exposure exceeds 25e30 pack-years. The same relationships were observed when stratifying for self-reported asthma history (figure E1 and figure E2 in the online data supplement). The doseeresponse relationship for lower levels of exposure was similar in male and female subjects without COPD (figure E3 in the online data supplement).
DISCUSSION
In a large COPD study, our findings suggested a gender difference in susceptibility to the lung-damaging effects of cigarette smoking. Despite younger age, later age of smoking onset and fewer pack-years, females with COPD had similar lung function reduction as males with COPD in the total study sample. In subgroups of subjects with COPD with early-onset disease or low smoking exposure, female gender was associated with lower lung function. Number of pack-years was not significantly associated with lung function in female subjects with COPD in this study, and the doseeresponse relationship between smoking and lung function differed by gender at lower levels of smoking exposure.
Definitions of 'early-onset' COPD and 'low exposure' of smoking have not been established in guidelines or in the literature. The choice of thresholds of 60 years as 'early onset' and 20 pack-years as 'low exposure' were based partly on existing literature and clinical experience, and partly on methodological concerns. Silverman et al demonstrated a female predominance among early-onset cases <53 years of age in the Boston EarlyOnset Study. 19 In order to have a certain age range (40e60 years) and keep a reasonable number of subjects, we defined early-onset COPD as <60 years in this study. For the same reasons, we chose a threshold of 20 pack-years for the low exposure group. It is worth noting that our results for the low exposure group are still significant with a threshold of 10 pack-years of smoking (data not shown).
The observed gender differences among the early-onset and low exposure subjects suggest that female gender is associated with lower lung function and more severe disease in these COPD subgroups (table 2 and table 3 ). The opposite directions of the main effect and the interaction effect in table 3 may suggest that the gender effect is most pronounced when the level of smoking exposure is low, decreasing in magnitude with an increasing number of pack-years. However, whether these findings reflect that women in general tolerate smoking less well than men, and subsequently experience lung damage at an earlier age or in response to less smoking exposure, is uncertain. Exposure other than smoking exposure, reporting bias or selection bias are other possible explanations for the observed findings in the COPD subgroups.
Number of pack-years was not associated with reduced lung function in female subjects with COPD in our study (table 4) . This can be explained by the lack of the expected doseeresponse relationship in females with COPD in this particular study ( figure 1 ). As the figure shows, females had a more severe reduction of FEV 1 for lower levels of exposure but, after w25e30 packyears, the doseeresponse relationship was more similar to that observed in males. These findings suggest that female smokers may have higher susceptibility to smoking-related lung damage at lower levels of exposure, and that the doseeresponse relationship may vary by gender. An alternative explanation is that the increased susceptibility in female smokers is unrelated to the number of pack-years, and that another unknown factor is causing lower lung function in female smokers. Even though no never-smokers were included in our study, it is worth noting that female gender has been reported to be a risk factor for COPD in lifetime never-smokers. 20 Our findings are consistent with several studies demonstrating an increased susceptibility to COPD in female smokers, 2e7 but in contrast to findings in other studies. 8 A recent systematic review and meta-analysis of longitudinal studies examining decline in lung function found evidence of a faster decline in female smokers aged >45e50 years as compared with male smokers. 3 Airway disease is influenced by gender-related factors across the human life span, 21 and both biological and socio-cultural factors should be recognised when discussing gender differences in lung diseases. In families of individuals with severe earlyonset COPD, a female predominance among COPD cases was observed, 19 possibly representing a genotype3gender interaction. Women may be biologically more susceptible to the adverse effects of smoking than men, due to sex differences in cigarette smoke metabolism. 22 The airways of women are anatomically smaller, and each cigarette may represent a proportionally greater exposure. 23 Dimensional, immunological and hormonal determinants are other biological possibilities for a gender difference.
21 Table 4 The association between smoking and lung function, with the regression coefficients (b) and p values for each pack-year's impact on FEV 1 (ml)* and FEV 1 % predictedy yAdjusted for sex, pack-years, self-reported asthma and educational level. zEducational level was missing for five female subjects with COPD and one of the male subjects without COPD; asthma history was missing for one of the female subjects with COPD. xModels without an interaction term. {Models including a gender3pack-years interaction term; gender-specific estimates obtained by the lincom command in Stata. COPD, chronic obstructive pulmonary disease; FEV 1 , forced expiratory volume in 1 s. Alternative explanations for the observed gender difference in our study should also be considered. Could a subgroup of female smokers in our study have asthma with fixed airflow obstruction 24 rather than COPD? After puberty, the incidence of asthma is higher in women than in men. 21 More women than men reported a history of asthma in our study; however, the validity of these data is questionable. Many patients in Norway use the terms asthma and COPD interchangeably, maybe especially so back in 2003e2005, when the public awareness of COPD was lower than today. The gender difference in selfreported asthma prevalence could also be due to diagnostic bias, since women are less likely to be diagnosed with COPD than men. 25 The results of all multivariate analyses are adjusted for self-reported asthma history, and results stratified by asthma status can be found in the online data supplement (tables E1eE4, figures E1 and E2). The results of asthma-stratified analyses were in the same direction as the primary analyses, but some of the analyses were probably underpowered due to the small sample size in the subgroups. In addition to asthma, possible explanations for the observed gender differences in this study also include occupational exposure, second-hand smoke, inhalation pattern, selection bias and reporting bias. However, work-related exposure to dust or gas was substantially higher in men than in women, and hence cannot explain the observed gender differences. No significant gender difference in exposure to second-hand smoking was observed in this study, and female smokers reported a lesser depth of inhalation than male smokers (data not shown). Given the deviation from the expected doseeresponse relationship in females with COPD (figure 1), we cannot fully exclude that this could be due to selection bias or some other unmeasured confounder. Finally, it makes sense to speculate whether underreporting smoking consumption among women could explain the observed differences. Although the possibility of reporting bias cannot be excluded, a meta-analysis has found self-reported smoking data to be accurate in most studies. 26 FEV 1 and the spirometry-defined GOLD stages may not fully capture the phenotypic variation that underlies a gender difference in susceptibility to tobacco smoke. Men and women may be phenotypically different in their response to tobacco smoke, with men being more likely to develop an emphysematous phenotype and women more likely to develop an airwaypredominant phenotype. 23 This hypothesis is supported by recent findings in studies examining gender differences in radiological manifestations observed on CT scans, showing that women have less emphysema but thicker airway walls than men. 27 28 However, when examining quantitative CT data available on approximately half of this particular caseecontrol study population, Grydeland et al found both the percentage emphysema and airway wall thickness to be higher in men than in women. 29 The limitations of our study should be acknowledged. We are presenting results from a cross-sectional study with lung function measurements from only one time point. Nonetheless, our results were consistent with the results of several prospective longitudinal studies. 3 Our study sample did not represent a population-based sample, and it is therefore uncertain whether these findings apply to the general population. The way participants were selected for the study could potentially have affected the results, and selection bias cannot be excluded. The fact that no never-smokers were included limits our ability to assess the smoking effect. Furthermore, one could argue that the analyses of FEV 1 % predicted should be interpreted with caution, since the results may be dependent on the prediction equations and the reference population used. 15 However, when applying a different set of reference values 30 to test the robustness of our results, all of our main findings were still valid (data not shown).
Our findings demonstrated that the intersections between gender, smoking and lung function are complicated, especially among subjects with COPD. Focusing on subgroups of the study sample may improve our ability to detect gender differences in COPD, but results should be interpreted with caution. We found that female gender was associated with lung function reduction in subgroups of subjects with COPD with early onset of disease or low smoking exposure. Our findings may suggest a gender difference in susceptibility to the lung-damaging effects of cigarette smoking, but alternative explanations should be considered.
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